Abstract Substantial quantities of organic carbon (OC) are stored in the thick, ice-rich, and organic-rich sediments called yedoma deposits, distributed in eastern Siberia and Alaska today. Quantifying yedoma carbon stocks during the glacial period is important for understanding how much carbon could have been decomposed during the last deglaciation. Yet processes that yield the formation of thick frozen OC in yedoma deposits are missing in global carbon cycle models. Here we incorporate sedimentation parameterizations into the Organizing Carbon and Hydrology In Dynamic Ecosystems (ORCHIDEE-MICT) land surface model, which leads to reasonable results in OC vertical distribution and regional budgets, compared with site-specific observations and inventories for today's nondegraded yedoma region. Simulated total soil OC stock for the northern permafrost region during the Last Glacial Maximum (LGM) is 1536-1592 Pg C, of which 390-446 Pg C is within today's yedoma region. This result is an underestimation since we did not account for the potentially much larger yedoma area during the LGM than the present day.
Introduction
Soils in the northern high-latitude permafrost regions contain large quantities of organic carbon Schuur et al., 2015] . Recent inventories suggest a total OC stock of 1300-1600 Pg C in circumpolar permafrost soils Hugelius et al., 2014] , of which 210-460 Pg C is stored in the thick, frozen sediments in the yedoma region [Strauss et al., 2013; Walter Anthony et al., 2014] . Yedoma deposits were accumulated during tens of thousands of years during the late Pleistocene from various sediment sources and transport types (e.g., slope wash, alluvial runoff, and eolian transport). These soils are characterized by high ice content (50-80% of the ground volume, including segregated ice in soil pores and surrounding large syngenetic ice wedges), relatively high OC content compared to nonpermafrost mineral soils (2-5%, comprising substantial quantities of ancient plant detritus and animal remains), and a thickness ranging from 5 m to 50 m Strauss et al., 2013; Walter Anthony et al., 2014; Schuur et al., 2015] .
The deep soil organic matter in yedoma deposits is vulnerable to decomposition [Dutta et al., 2006; Schädel et al., 2014] , since yedoma contains labile organic matter that was buried and frozen into permafrost during its slow formation. About 70% of the area presumably covered by yedoma deposits during the Last Glacial Maximum (LGM) has undergone thermokarst degradation or fluvial erosion during the Holocene, transforming the late Pleistocene accumulation plain into today's landscape of highly discontinuous yedoma deposits Strauss et al., 2013] .
Quantifying permafrost carbon stocks during glacial periods is crucial for understanding the potential contribution of the land carbon reservoir to the~80 ppm atmospheric CO 2 rise during deglaciations, an issue that remains unresolved and in wide controversy [Sigman et al., 2010; Ciais et al., 2012; Zech, 2012; Köhler et al., 2014] . Considering the limitation of field studies due to potential disappearance of pedological evidence for glacial-period soil carbon storage, modeling may be essential to estimate permafrost carbon stocks during glacial periods [Zech et al., 2011] . However, the processes that result in the accumulation of thick OC deposits in yedoma-like permafrost soils and rapid release of carbon due to abrupt thaw are still absent from current large-scale models [Schuur et al., 2015] . In this study, we have added sedimentation parameterizations into the permafrost carbon module of ORCHIDEE-MICT global land surface model [Koven et al., 2009 [Koven et al., , 2011 Peng et al., 2015] . An advection equation proposed by Zimov et al. [2009] is implemented in ORCHIDEE-MICT to simulate vertical carbon distribution under sedimentation conditions. A similar advection term was included in the soil model of CLM4 (Community Land Model) [Koven et al., 2013a] but was used to represent soil OC movement through dissolved transport and was deactivated in their baseline runs. This sedimentation process in ORCHIDEE-MICT is therefore, to our knowledge, the first time that such a process has been included in a large-scale land surface model to simulate organic carbon buildup in yedoma deposits.
Methods

Litter and Soil Carbon Dynamics in ORCHIDEE-MICT
The schematic of ORCHIDEE-MICT litter and soil carbon dynamics is shown in supporting information Figure S1 . The two litter carbon pools (metabolic and structural) and three soil pools (active, slow, and passive) are vertically discretized into 32 layers, with a total depth of 47.5 m. Decomposition processes of the carbon pools and the resulting carbon flows between the pools are calculated at each layer, controlled by their residence times, soil temperature, moisture, and texture (see supporting information Text S1 and Figure S1 ).
Cryoturbation (mixing of soil layers driven by repeated freeze-thaw processes) is a major soil-forming process in arctic regions, redistributing organic matter from topsoil horizons into deeper soil layers [Kaiser et al., 2007] . Instead of explicitly modeling cryoturbation, a diffusion equation was implemented by Koven et al. [2009] to capture the effect of vertical mixing due to cryoturbation on soil carbon profiles. The diffusion rate is set constant through the active layer (10 À3 m 2 yr À1 as in Koven et al. [2009] ) and decreases linearly to 0 at the depth of 3 times the local active layer thickness (ALT), while ALT is simulated by the multilayer soil physical module in ORCHIDEE-MICT [Gouttevin et al., 2012] . It is worth noting that the glacial-period mammoth-steppe ecosystem may have been very different from today's tundra, characterized by intense aridity, deeper annual thaw, and deeper penetration of roots than in today's wet tundra [Guthrie, 2001; Zimov et al., 1995] . Cryoturbation during glacial periods may not have been as common as in modern arctic soils, due to reinforcement by roots and low soil moisture; instead, the role of zoogenic vertical mixing (by worms, beetles, etc.) may be significant, considering the high worm density (up to 100 g m
À2
) in today's analogous meadow in north Siberia (S. Zimov, unpublished data, 2015) . Thus, we keep the original diffusion equations in the model for the LGM simulations in this study but leave room for future calibration of the diffusion-related parameters.
Yedoma deposits are on average 20 m thick with high spatial heterogeneity [Strauss et al., 2013] , accumulated through various sediment formation processes under extreme cold climate in late Pleistocene . When sediments are deposited on the soil surface, each soil layer sinks downward relative to the surface at a rate equal to the sedimentation rate, assuming that soil compression with depth is not significant . Thus, instead of modeling the upward accumulation of soil, we implemented a vertical advection equation in ORCHIDEE-MICT to simulate the equivalent downward transport of OC due to sediments aggrading on ground surface:
where
) is OC concentration of litter or soil carbon pool i at depth z and time t; u(t) (m d
À1
) the sedimentation rate; f i (z,t) (g m À3 d
) the OC input to pool i; and g i (z,t) (d
) the decomposition rate of pool i, using the frozen respiration function by Koven et al. [2011] .
This equation is implemented numerically using a second-order finite difference scheme, the Van Leer scheme [Van Leer, 1977] . Since ∂z in ORCHIDEE-MICT is very large for the lower layers (maximum of 7.3 m for the bottom layer), the vertical distribution of OC shows large dissipation using finite difference schemes, i.e., a considerable amount of OC can be numerically transported to lower layers even though soil accumulation does not reach the corresponding depths of those layers. In order to limit numerical dissipation, we added a boundary for the transport of OC, i.e., only when the cumulative depth of sedimentation is deeper than the bottom of a layer can OC of this layer be transported to the next (lower) layer:
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where u′(z,t) (m d
À1
) is the sedimentation rate used in each soil layer; and z 0 (m) the maximum depth of initial litter and soil OC distribution at t = 0 (z 0 = 0 in this study).
Model Setup and Evaluation
Site level and regional level simulations were conducted with ORCHIDEE-MICT, starting from bare ground (i.e., fractional coverage of all plant function types, and biomass, litter, and soil organic carbon pools, start from zero), forced by LGM climate due to the lack of full time series of climate data during the last glacial period. The dynamic vegetation module in ORCHIDEE-MICT [Zhu et al., 2015] was activated to simulate vegetation fractions in equilibrium with LGM climate. Atmospheric CO 2 concentration was fixed as 185 ppm. The climate forcing files were derived from the anomalies of LGM climate experiment outputs by the Institut Pierre Simon Laplace (IPSL) earth system model IPSL-CM5A-LR, with a 6-hourly time step and a spatial resolution of 1.875°× 3.75° [Kageyama et al., 2013] (see supporting information Text S2). Schirrmeister et al. [2011a] compiled data from 14 sites of yedoma deposits in northern east Siberia with detailed sedimentological and geochronological information. The height-age slope of each section can provide the mean value of sedimentation rates for the corresponding period. Among the 14 sites, only five sites have an age range covering LGM (22-18 ky B.P.). We further excluded the sections with too few layers (less than three) to infer the sedimentation rate during LGM, leaving three sites (four sections) for evaluation (Table 1) .
Site Simulation
In order to compare OC concentration results from ORCHIDEE-MICT with site measurements of TOC (total organic carbon, defined as the weight ratio of organic carbon to soil dry mass, unit: wt %), we converted TOC into OC using the following equations, assuming that the pore volume in yedoma deposits is ice saturated [Strauss et al., 2013; Schirrmeister et al., 2011b] :
where BD is the bulk density of yedoma deposits; ρ s is assumed to be 2.65 × 10 3 (kg m
À3
), representing density of the solid fraction after oven drying [Strauss et al., 2013] ; ρ i = 0.91 × 10 3 (kg m À3 ), representing ice density; ice (wt %) is the weight ratio of ice in a sample to the dry sample, measured at different depth in a section, representing segregated ice content in yedoma deposits; since ice contents were not measured for all samples, we linearly interpolate ice along the depth for the TOC values without corresponding ice; WIV (vol %) is the volume percentage of wedge ice in yedoma deposits; here we use the mean value of 47.9 (vol %) with the range 34.7-59.0 (vol %), estimated by Strauss et al. [2013] .
ORCHIDEE-MICT cannot explicitly simulate a composite soil made of sediments and surrounding ice wedges, as it only simulates carbon dynamics and not the changes in soil volume resulting from sedimentation and syngenetic growing of ice wedges . The model result for litter and soil OC represents the average concentration of a grid cell, given the fact that ice wedges only exist below the active layer (unless erosion occurs), so that plants occupy the full surface area of a grid cell if climate permits. Therefore, ice wedge volume is subtracted from the measured OC concentrations as in equation (3) to derive a landscape-scale mean OC concentration that is comparable to model results. Note that the sedimentation rate is diagnosed from the measured depth-age relationship in yedoma deposits, which results from both deposition and growth of ice wedges and segregated ice that takes space; the effect of ice formation is thus implicitly included in the sedimentation rate used in equation (1) to advect OC downwards. 2.2.2. Regional Simulation ORCHIDEE-MICT was run for the Northern Hemisphere (>20°N), without (hereafter "CTRL") and with (hereafter "SEDI") sedimentation parameterizations. In SEDI, sedimentation processes were activated only over present-day yedoma regions, including an area of 1.14 million km 2 in north and east Siberia [Romanovskii, 1993] and an area of 0.18 million km 2 in Alaska [Jorgenson et al., 2008] . During the LGM, the area where sedimentation occurred could have been much larger than today's yedoma area. But the goal of this study is to evaluate modeled and observed OC at sites and regions where yedoma has survived the Holocene warmer period, not to
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calculate the full amount of OC in yedoma during the LGM; so LGM yedoma areas that disappeared during the deglaciation are not covered in this study.
We tested different values for sedimentation rates, 0.6, 0.8, 1.0, and 1.2 mm yr
À1
, which are typical rates during the LGM observed in yedoma sites [Schirrmeister et al., 2011a] ; correspondingly, ORCHIDEE-MICT was run for different time periods (32, 24, 19 , and 16 kyr) of the late Pleistocene assuming that climate remained the one of LGM, in order to reach a thickness of 19.4 m, which is the mean yedoma deposit thickness suggested by Strauss et al. [2013] . The OC of each litter and soil layer and each grid cell within the yedoma region were summed up to derive their total carbon at the LGM.
Results
Site Simulation
As listed in , which is lower than the productivity of modern steppe meadows in Siberia that are close analogues of periglacial communities (36-76 g C m À2 yr À1 [Velichko and Zelikson, 2005] ), partly due to lower CO 2 levels and the very severe climate at the three sites compared to the average climate of east Siberia.
The vertical profiles of litter and soil OC simulated by CTRL and SEDI for the four yedoma sections are shown in Figure 1a . For CTRL, OC can accumulate only in the upper 2 m, limited by the maximum mixing (cryoturbation) depth dependent on local ALT. When sedimentation is considered, however, the slow buildup of yedoma sequences is reproduced after 10 or 15 kyr of simulation. Despite lower OC concentrations in the top 2 m, the total column OC for the four sections in SEDI (76-122 kg C m
À2
) is much higher than those in CTRL (32-39 kg C m À2 ), due to deeper carbon distributions. The total column OC in SEDI is lower than, but not directly comparable to, the measured OC content at five sites by Schirrmeister et al. Number of depth-date samples used to derive the depth-age slope.
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deposits, while the site simulations were only run for the period of relatively constant sedimentation rates, with a final OC depth of 9-21 m.
Simulated OC concentrations by SEDI are generally within the range of field measurements in the two sites in Bykovsky Peninsula and Khardang Sise but are underestimated in the two sections in Mamontovy Klyk (Figure 1a ). This underestimation can be partly explained by the permanent severe LGM climate that is used as model input, in contrast to the reality that warmer and wetter periods existed during the 10 or 15 kyr time scale considered in the site simulations [Wetterich et al., 2008] . Besides, the coarse resolution of climate (Table 1) , with the surface corresponding to the age 15 ky B.P. Simulated decomposability of litter and soil OC (b) without and (c) with sedimentation. The upper x axis and colored lines indicate the fractions of each carbon pool, and the lower x axis and dashed lines indicate simulated initial CO 2 production rates using the structure and parameters of the soil module in ORCHIDEE-MICT, assuming constant temperature of 5°C and optimal moisture condition.
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forcing produced by IPSL-CM5A-LR may not capture the local-scale climate features at the sites considered. In order to illustrate the response of the modeled litter and soil OC under warmer/wetter climates, idealized sensitivity tests were conducted with temperature increased by 1 or 2°C and rainfall increased by 50% or 100% ( Figure S2 ). At the sites, NPP barely changed in the model under higher temperatures alone but greatly increased under higher rainfalls. Litter and soil OC were slightly lower under higher temperatures alone due to enhanced decomposition, while under higher rainfalls alone or combined warmer and wetter conditions, litter and soil OC increased proportionately to the increase of NPP and better matched the measurements at the Mamontovy Klyk sections ( Figure S2 ). These results illustrate the uncertainties of modeled OC induced by the uncertain climate forcing and by the permanent harsh LGM climate conditions assumed throughout the time frame considered.
For the decomposability of litter and soil OC, the simulated fractions of the relatively labile pools (litter and active soil) are higher in SEDI (Figure 1c ) than in CTRL (Figure 1b) , since more labile OC is buried and preserved in frozen layers in SEDI before decomposition. Initial CO 2 production rates were calculated by simulating incubation experiments (Figures 1b and 1c) . This is done using the structure and parameters of the ORCHIDEE-MICT soil module ( Figure S1 ) and simulating CO 2 respired in each soil layer when it is exposed to a constant incubation temperature of 5°C and optimal moisture condition. The initial CO 2 release rates averaged over the depth below the active layer are 0.23-0.41 mg C g À1 C day À1 in SEDI, 56-110% higher than that in CTRL (0.14-0.21 mg C g À1 C day À1 ), with larger increases in the case of larger sedimentation rates (e.g., the relative increase in Mamontovy Klyk section 2 is larger than section 1, 110% versus 79%). To compare the modeled lability in SEDI with the laboratory incubation results for deep yedoma soil samples by Dutta et al. [2006] , Lee et al. [2012] , and Knoblauch et al. [2013] , we calculated CO 2 release rates under different conditions corresponding to the three studies (under 5, 15, and 4°C, respectively, averaged over 30, 500, and 30 days, respectively). The lability in SEDI is comparable to the results in Dutta et al. 
Regional Simulation
Total litter and soil carbon in the Northern Hemisphere (>20°N, a total land area of 67.4 million km 2 ) is 1418 Pg C simulated by CTRL (Figure 2a) . High carbon density is obtained for grid cells where cryoturbation occurs in the model (Figures 2a and 2b) , set as pixels with maximum ALT less than 1 m [Koven et al., 2009] . Simulated LGM permafrost extent is 36.6 million km 2 (defined as grid cells with maximum ALT less than 3 m, according to Koven et al. [2013b] ; Figure 2b ), close to the reconstruction of Lindgren et al. [2015] based on field evidence (34.5 million km 2 ). Total litter and soil carbon stock in simulated LGM permafrost region is 1220 Pg C in CTRL without deep carbon in the yedoma region and 1536-1592 Pg C in SEDI with deep carbon in the present-day yedoma region.
The spatial distributions of litter and soil carbon simulated by SEDI in regions covered by present-day yedoma are shown in Figure 2c . The tests with different sedimentation rates show similar patterns. In SEDI, litter and soil carbon stock in today's yedoma region (total area of 1.32 million km 2 ) is 390-446 Pg C, depending on the sedimentation rate and simulation years in the model, much higher than that in CTRL (74 Pg C). The SEDI result is very close to the estimation by Walter Anthony et al. [2014] (429 ± 101 Pg C) for the LGM carbon pool in the same yedoma territory, based on extrapolated current observations. If we apply the mask of today's undisturbed, fragmented yedoma deposits (total area of 0.42 million km 2 ) on the simulated OC distribution, a total value of 125-145 Pg C is derived for today's yedoma deposits, which is within the upper part of the range estimated by Strauss et al. [2013] (83 + 61/À57 Pg C). Note that the model was forced by stable (but interannual variable) LGM climate and constant sedimentation rate in each simulation. A more realistic simulation of yedoma carbon stock would need to consider transient climate forcing during the late Pleistocene and sedimentation rate variations in time and space.
Discussion
The inclusion of sedimentation parameterizations in ORCHIDEE-MICT allows the model to reproduce the accumulation of deep organic carbon below 3 m in yedoma regions, leading to a several-fold increase in total carbon after tens of thousand years of simulation, in better agreement with observations at both site and [Harrison et al., 2015] . Using the ensemble of PMIP3 models may provide a climate forcing-induced uncertainty range for the simulated yedoma carbon stock, but the result should not change significantly since the LGM anomalies of temperature and precipitation simulated by IPSL-CM5A-LR are very close to the ensemble average of all available PMIP3/CMIP5 models [Harrison et al., 2015] .
Soil OC quality (decomposability) is an important factor in determining the release rate and amount of permafrost carbon that can be transferred to the atmospheric reservoir in the case of soil warming. The OC quality is affected by the mechanisms through which OC was incorporated into permafrost [Schuur et al., 2008] . The deep yedoma soils have been shown to have distinct characteristics from other mineral soils near the surface, with high OC labilities comparable to that of surface organic soils, despite their lower bulk OC contents [Lee et al., 2012; Schädel et al., 2014] . The model results in this study demonstrate the substantial effect of sedimentation processes on the simulated decomposability of soil OC, highlighting the importance of those processes in land surface models applied to simulate the potential permafrost carbon release both during the last deglaciation and subject to future climate change.
Litter and soil carbon content is closely related to vegetation productivity. The average gross primary production per unit area and total area for grassland in the Northern Hemisphere (>20°N) simulated in this study are 213 g C m À2 yr À1 and 35 million km 2 , smaller than the estimation by Ciais et al. [2012] using a Bayesian inversion model constrained by the global mass balance of 13 C in different carbon reservoirs (244 g C m À2 yr À1 and 45 million km 2 ). The underestimation of grassland distribution and productivity may be partly explained by the lack of herbivore-vegetation interactions in ORCHIDEE-MICT. Large herbivores inhibit the growth and expansion of moss, shrub, and tree by trampling; fertilize the soil by accelerating the nutrient turnover; and indirectly affect soil properties by changing vegetation structure [Romanovskii, 1993] and Alaska [Jorgenson et al., 2008] . Blue: the region where cryoturbation occurs in the model, set as grid cells with maximum ALT less than 1 m [Koven et al., 2009] . Green: simulated LGM permafrost region, defined as grid cells with maximum ALT less than 3 m, according to Koven et al. [2013b] . (c) ORCHIDEE-MICT litter and soil carbon in yedoma region, with different sedimentation rates (SR); the total litter and soil carbon stocks for yedoma region are labeled in each subplot.
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and trampling snow in winter [Zimov et al., 1995; Olofsson et al., 2009; Gill, 2014] . Reconstructions of ice age megafaunal population based on bone collections showed a biomass density of about 10 t km À2 in both Siberia [Zimov et al., 2012] and Arctic Alaska [Mann et al., 2013] , comparable to that in today's African savannah [Hatton et al., 2015] . Considering the productivity needed to sustain such large densities of mammals and their feedbacks on vegetation [Yurtsev, 2001] , a more realistic simulation of grassland distribution and productivity and subsequent litter and soil carbon stocks during last ice age calls for the integration of herbivore-vegetation interactions in models aiming to reproduce the LGM terrestrial carbon cycle.
The simulated total litter and soil carbon stock in the LGM permafrost region (1540-1590 Pg C) is higher than the LGM "conventional" land carbon stock (total terrestrial biomass and soil carbon excluding permafrost) estimated by Ciais et al. [2012] (1340 ± 500 Pg C, indirectly using global isotopic measurements and fixed carbon content per unit area of each biome) and by Prentice et al. [2011] (1070 Pg C, simulated by Land Processes and eXchanges dynamic global vegetation model). The simulated yedoma carbon stock accounts for more than 25% of this LGM permafrost carbon pool, even though it covers a small percentage of the simulated permafrost area (~4%). In this study, we only simulated the deep carbon in today's yedoma region; yet about 3 million km 2 of today's arctic shelves that were exposed as unglaciated land during the last ice age, and another about 5 million km 2 of thick (>5-10 m) sediments in the northern permafrost zone outside yedoma regions [Schuur et al., 2015] , is not regarded as yedoma in our simulations but could have partially accumulated thick carbon-rich sediments similar to yedoma deposits. Expanding the sedimentation processes to a more realistic spatial distribution of yedoma-like soils could substantially increase the estimation of the total LGM permafrost carbon pool. Next steps of model application in this direction should combine reconstructed Pleistocene loess distribution and accumulation rates and extrapolation based on similar conditions to the known yedoma region in terms of climate, topography, vegetation, and dust deposition.
The incorporation of sedimentation processes in permafrost environments leads to an ever-changing litter and soil carbon pool without an equilibrium, which has important implications for the role of high-latitude terrestrial ecosystems in the global carbon cycle. On the one hand, the gradual sequestration of CO 2 in the thick sediments of the permafrost region during cold periods may provide an explanation for the long-term decrease of atmospheric CO 2 during the late Pleistocene [Ahn and Brook, 2008] . On the other hand, setting a large "negative" sedimentation rate in equation (1) could mimic the upward movement of deep soil layers relative to the surface due to thermal erosion and associated ground subsidence (e.g., as observed in the real world following the collapse of ice wedges under warming), exposing previously frozen labile carbon to temperatures at which decomposition can occur. This could be a mechanism through which permafrost carbon losses are accelerated under warming conditions in a model, in contrast to the hypothesis of gradual active layer deepening that current models use for future projections [Koven et al., 2013b; Schaefer et al., 2014] . Processes of abrupt permafrost thaw and surface soil collapse are still missing in current global-scale models [Schuur et al., 2015] . To simulate abrupt thaw, Schneider von Deimling et al. [2015] calibrated the calculation of thaw rates in their simplified two-dimensional soil model, so that ALT could increase by more than 10 m at 2100 under RCP2.6 in the case of thermokarst formation; in the frame of our model, a negative sedimentation provides a possible method that works in another way to mobilize deep frozen carbon. Knowing that much work is still needed with regard to simulating hydrology and thermokarst dynamics related to permafrost thaw, the model described in this study takes a step forward and will help to simulate the potential significant contribution of permafrost to the atmospheric CO 2 rise during glacial-interglacial transitions Zech, 2012] , as well as future carbon emissions from permafrost.
